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ACCELERATION OF EIGH-PRESSURE-RATIO SINGLE-SPOOL TURBOJET ENGINE
AS DETERMINED FROM COMPONENT PERFCRMANCE CEARACTERISTICS
ITT - EFFECT OF TURBINE STATOR ADJUSTMENT

By Harold E. Rohlik and John J. Rebeske, Jr.

SUMMARY

An analytical investigation was made to determine from component
performaence the effect of turbine stator adjustment on the acceleration
characteristics of a typical high-pressure-ratio single-spool turbojet
engine. Turbine stabtor adjustwent was adequate to permit engine opera-
tlon in the intermediste-speed range, but was less satisfactory than
the relatively simple schemes of compressor-interstage and -outlet bleed.

INTRODUCTION

Studlies of turbojet engine requirements for flight in the ftran-
sonlc range have revealed that a turbojet engine best sulted for such
flight would have & compressor pressure ratioc of about 7 to 10 and a
turbine-inlet temperature of about 2000° to 2300° R (ref. 1). However,
when a single-spool axisl-flow compressor 1s used in this pressuwre-ratio
raenge, it may have poor off-design performance, particularly in the low-
speed range (50 to 70 percent of design). In this low-speed range, the
inlet stages operate in a low-efficiency high-angle-of-attack reglion and
Ehe out%et stages operate in a low-efficiency low-angle-of -attack region

ref. 2

Equilibrium operation of an engine of this type with several
exhaust-nozzle areas is described 1n reference 3. Thisg reference shows
that, in the intermediate-speed range (70 to 85 percent of design), all
equilibrium operating lines of thils particular engine enter the com-
pressor surge region and the compressor will not accelerate through this
region. Therefore, the component performsnce of the compressor and tur-
bine, or the matching of these components, or both, must be altered to
permit acceleration.




2 L NACA RM E54F04

Several means of improving the acceleration characteristics of
such engines are compressor-outlet bleed, compressor-interstage bleed,
adjustable compressor-inlet gulde vanes and stator blades, and ad-
Justable turbine stators., An investlgation is being conducted at the
NACA Iewis lsboratory to evaluste the relative merits of such means for
improving the acceleration characteristics of high-pressure-ratio single-
spool turboJjet englnes.

Compressor-outlet bleed, compressor-interstege bleed, and combil-
netions thereof are reported in references 4 and 5. Reference 4 shows
that reasonsble amounts of compressor-outlet bleed allowed high
turbine-inlet temperatures during acceleration, and that the accelera-
tion path should be as close to the surge region as is practical. Ref-
erence 5 reports that constant-area interstage bleed, properly located,
gave smaller acceleration times than varieble-area compressor-outlet
bleed. Acceleration times aschieved wlth variable-area compressor-outlet
bleed and constant-area interstage bleed were 5.5 and 3.0 seconds, re-
spectively, for surge-line operation. In the low-speed range of the
fixed-geometry englne, turbine-inlet temperatures were limited to rela-
tively low values by the flow-handling caepaclty of the turbine and the
combination of reletlvely high welight flow and low turbine-inle} pressure
provided by the compressor. In the intermediate-speed range, near the
knee in the compressor surge line, the turbine-inlet temperature was
limited to values which were too low to provide sufficient torque to
drive the compressor. AdJjusting the turbine stators to lncrease the
throat areas permits larger equivalent weight flows and therefore higher
inlet temperatures. This, in turn, increases the turbine torque 1f
losses are not too large and lmproves the acceleration characteristics
of the engine.

The purpose of this analysls is to evaluate turbine stator adjust-
ment as a means of improving engine acceleration, Seversl combinations
and degrees of stator adjustment are compared with respect to improved
acceleration characteristics and mechanical simplicity.

METHOD OF ANALYSIS
Idealized Stator Adjustment

Determination of the potential improvement in acceleration charac-
teristics of the engine under consilderation by mesns of stator adjust-
ment required & preliminary investigation. The effectiveness of turbine
stator adjustment as s means of improving engine acceleration may be
measured in terms of the time intervel required to accelerate from idle -
to design speed. Therefore, in approaching the stator-adjustment prob-
lem, acceleration time and required flow increases were calculated for

3230
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an idealized stator-adjustment case that could be compared with pre-
viously estsblished acceleration times cbtained with compressor-
interstage and -outlet bleed.

This idealized case was optimistic in that the specifications in-
cluded surge-line operstion of the compressor, constant turbine-inlet
temperature of 2500° R (arbitrarily specified as the maximum sllowable
for short periods of time), and no bleed. For acceleration along the
compressor surge line, reference 4 shows that, with design compressor
and turbine geometry, the flow-handling capacity of the turbine necessi-
tated compressor-outlet bleed in order to maintaln a turblne~inlet tem-
perature of 2500° R up to 88 percent of design speed. It was assumed,
in this preliminery enalysis, that the ideallzed stator sdjustment per-
mits the turbine to swallow the total compressor weight flow at a tem-
perature of 2500° R up to a compressor speed of sbout 88 percent of
design, at which speed design turbine geometry satisfies this condition
and adjustment 1s no longer necessary. Turbine efficiencies were
assumed to be the same as those for the similar ascceleration in refer-
ence 4. An exhsust-nozzle area of 600 square inches, which was speci-
fied as the maximum allowsble, was held constant in order to maximize
turbine output. This acceleration path is indicated in figure 1 by the
heavy line.

Mesgsured component performance (figs. 1 to 3) with design geometry
was used to calculate acceleration time for 2500° R operation. The mode
of operation considered was the same as that for the varisble-area
compressor-outlet bleed case of reference 4, except that turbine térque
at each speed was Increassed in direct proportion to the increase in
turbine weight flow made possible by the idealized stator adjustment.

The time required for acceleration may be determined from the
following equation:

* g Ng 100 =]
ar = I Ww . 2xg av _ 2x Ma
T, - (I, #,) 80 AT 80 100
0 @y

N N
i 100 <= i

(1)

The graphical solution of equation (1) is presented in figure 4,
which shows a total acceleration time of 3 seconds for the idealized
case of stator adjustment. This acceleration time compares favorsably
wilth those of references 4 and 5. Figure 5 shows the increase in
turbine-inlet equivalent weight flow necessary to achieve this acceler-
ation time. This calculation shows an optimistic limit of improved
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engine acceleration that might be reached with stator adjustment and a -
range of turbine-inlet equivalent flow increases to be considered.

Although the idealized stator adjustment resulted 1n & satisfactory
scceleration time, the actual welght-flow increases, turbine efficien-
cles, and hence acceleration times asre functions of turbine geometry and
internal flow conditions. Therefore, a more complete analysis was made
taking these factors into consideration.

3230

Accelerstion Charsacteristics as Determined from Estimated
Turbine Stage Performance

Turbine internsl flow. - The changes In Internal flow effected by
turbine stator adjustment in s multistage turbine depend on the manner
in which the stators are adjusted as well as the initial flow condi-
tions. These changes are complex in nature because of the number of
varisbles in the flow that are affected by stator adjustment. In ob-
taining an understanding of these changes, it is convenient to consider .
the general behavior of a turblne operating under conditions representa-
tive of those encountered in accelerating this particular engtne. At
the knee in the compressor surge line, at approximately 8C percent of
compressor design speed, flow throughout the turbine and exhaust nozzle
is subsonic, wlth pressure ratios of the three turbine stages approxi-
metely equal. With compressor operation fixed at this point, the
turbine-inlet equivalent welght flow 1s increased by opening one or
more rows of ststor blades and increasing turbine-inlet tempersture.
With compressor operation, and hence mechanical speed, fixed, the in-
crease in turbine torque associlated with the increase in turbine-inlet
temperature results in a greater acceleration rate at this speed. The
turbine-outlet equivalent welght flow will increase at a somewhat slower
rate than the inlet flow, and the twrbine pressure ratio wlll decrease
slightly. These varietlons are shown in figures 6 and 7, where changes
in turbine-outlet equivalent flow and in turbine pressure ratio are
plotted against turbine-inlet-flow change for this operation. The effect
of turbine efficlency on these paraemeters is slight, one of the curves
representing a constant turbine efficlency of 0.85 and the other a pro-
gressive decrease from an inltial value of 0.85 to a value of C.60 at
an inlet equivelent flow increase of 42 percent. In these figures, the
turbine pressure ratio is specified by the constant value of turbine-
Inlet total pressure and by the turbine-outlet total pressure required
to satlsfy continuity through the exhaust nozzle with atmospheric pres-
sure at the exhaust-nozzle outlet.

The two methods of stator adjustment under consideration are the
simultaneous adjustment of all three stages and the adjustment of the
first-stage stator only. Each stage, in the case of three-stage
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ad justment, operates with a nearly constant pressure ratic while both
inlet and outlet equivalent weight flows increase. As the stators are
opened, throat erea is increased and turning is decreased. Thls re-
sults in a progressive unloading of the stator row with a decrease 1n
the tangential component of velocity leaving the stator, and an increase
in total pressure and hence Mach number relative to the rotor. As the
stator loading decreases under these conditions, rotor flow conditions
become more critical with relative velocities becoming sonic and then
approaching the limiting loading condition. Stage efflciency necessarily
changes during stator adjustment because of the changes in rotor inci-
dence angles and stage outlet whirl. Whether the change is positive or
negative at the outset depends, of course, upon the reletion of the
initial flow angles to the design angles. In either case, the effi-
clency decreases as the stator adjustment brings the rotor to limiting
losding.

AdJustment of the flrst-stage stator only elso results 1n an in-
crease in flow-hsndling capaclty of the turbine. As the first-stage
stator flow area is Increased to permit greater equivalent weight flows,
the first-stage pressure ratio decreases somewhat, while the second-
and third-stage pressure ratios increase. Since the second and third
stages are not choked, this increase in second- and third-stage pres-
sure ratio, coupled with the fact that equivalent speed decreases with
an increase in temperature, means that these stages can now pass greater
equivalent weight fiows. As with three-stage adjustment, losses in each
stage change because of the change in operating conditlons of eech
stage. The direction and magnitude of the changes in losses and effi-
clency again depend upon the proximity of the initial operatlon to de-
slgn operation, with sn efficiency loss at extreme adjustments.

As the turbine stators asre opened to increase flow capacity with
the compressor operating point fixed, tuwrblne torque increases with in-
let tempereture to the point at which further gains in temperature are
offset by the increase in losses. Beyond this polnt, of course, tur-
bine torque decreases.

Estimated turbine stage performance. - Performance of each of the
three turbine stages was estimated with a simplified one-dimensionsal
analysis for a range of speeds, pressure ratios, and stator adjustments.
The ranges of turbine parameters considered in the analysis were sgpeed,
from 50 to 130 percent of design; pressure ratio, from 1.1 to gbout 1.9
in the first and second stages, and from 1.1 to llmiting-loading in the
third stage; and turbine stabtor adjustments, from design setting to 12°
open. This method of performance estimation employed empirical loss
coefficients obtained from detalled survey data from the original tur-
bine operating at design speed and work. It was assumed that these co-
efflclents were eppliceble over the complete ranges of operation and
stator adjustment. Losses considered were limited to the viscous losses
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in each blede row, which are associated with the level of inmternal
flow velocitles, rotor incidence-angle losses, and stage outlet whirl
losses. Symbols and methods of estimating losses and other internal-
flow phenomens are given in appendixes A and B, respectively.

Calculated stage performance was plotted in terms of inlet equiva-
lent weight flow, equivalent torque, and tempersture ratio. Examples
of each are shown in figure 8, which represents thlrd-stage performance
wilith design stator setting.

3230

Evaluation of stator adj)ustment. - Figure 4 shows that turbilne
torque avallaeble for accelerstion, and therefore the rate of accelera-
tion, is lowest at S50-percent design speed. Thls means that accelera-
tion times for speed increments are largest in this range. However,
figure 5 shows that 80-percent design speed is most critical in terms
of turbine flow-handling capacity. At thils speed, turbine stator ad-
Justment must permit equivalent-flow increases up to 35 percent in
order to utilize a turblne-inlet temperature of 2500° R. The 50- and
80-percent-speed points on the compressor surge line, then, were chosen
as the operating points at which variocus degrees and combinations of
stator adjustment were to be compared. At each compressor operating
point, the actual weight flow, availaeble pressure ratio, and mechanicel
speed were specified by the compressor operstlng characteristics.
Turbine-iniet temperature, and thus turbine torque, was then determined
by consideration of continulty through each turbine stage and the ex-
haust nozzle. In celculating the accelerstion times, it was assumed
that NACA standard sea-level conditions existed at the compressor in-
let, and that transient component characteristics were the same as the
steady-state conditlons. In additlon, the following assumptlons were
made :

Combustor total-pressure ratlo, PS/PZ « s e o o 4 s e s e s s o« « 0,97
Stagnation pressure loss 1in tall pipe, 1b/sq i 0]
Fuel-alr ratio, Wf/Wc o o e e . . . e o s s s e s s s . s 0.02
Leakage between compressor and turbine, wz/wc e s e o s e s« &« o 0,02
Torque to drive accessoriles, Pa’ FTt=Ib ¢ ¢« ¢ o o o« ¢« o ¢ o o o &« 3.0
Exhaust-nozzle area, Ag, sq in. « 6 e 4t s s e o s = 8 s s & @ 600

The mode of operation wes as follows: Acceleration begen with the
compressor opersating at 50-percent design speed at surge, with the first
or all three turbine stators open and the exhaust nozzle open to 1its
maximum areae of 600 square inches, Operatlon proceeded along the com-
pressor surge line with turbine-inlet temperature varying continuously
to satisfy continuity through the turbine and exhaust nozzle until the
speed was attalned at which the turbine-inlet temperature reached the
maximum alloweble value of 2500° R. Operation then followed the line
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defined by this turbine geometry and a constant Té of 2500° R to =2

speed at which design turbine geometry permitted operation of the com-

pressor at & pressure ratio below surge and at a Té of 2500° R. At

this speed, the first or all three turbine stators were returned to
their design position, and acceleratlon continued along the line speci-

Tied by design geometry and Té of 2500° R to compressor design speed.

These paths of operation are shown as the heavy lines in figure 9.

Results of these calculations, within the limits of accuracy of
the stage-performance prediction method, provide a comparison between
the adjustaeble-stator method and the methods of references 4 and 5 for
improving the acceleration characteristics of this high-pressure-ratio
single-spool turbojlet engine.

RESULTS AND DISCUSSION
Increase in Flow-Handling Capacity

Figure 5 shows that the turbline stator adjustment most desirsble
with respect to engine accelerstlon should permit increases as great as
35 percent 1n equivalent weight flow with no loss in efficiency. The
increase in turbine equlvalent welght flow made possible by stator ad-
Justment at a glven speed depends upon the Initlal stator- and rotor-
throat Mach mumbers, the stator-outlet engle (which determines the rate
of change of ares with adjustment), and the change in lnternsl loss as
the stators are opened. The initial turbine operating condition as
well as the initial turbine geometry, then, determine the potentiali-
ties of turbine stator adjustment for any given situation. The magni-
tudes of turbine-inlet egquivalent flow increases possible for a range
of engine operating conditions, including fixed compressor opersation,
are presented in reference &, in which operstlion is considered wherein
one or more blade rows are choked.

The increases in stator~throat area calculated for the stator ad-
Justment of 12° were 42 percent in the first stage, 31 percent in the
second stage, and 24 percent in the third stage. Estimated performance
shows that Increases in the equivalent welight flow were 1n every case
considerably smaller than those in the stator-throat area. The effect
of stator adjustment on equivalent weight flow in the first stage is
presented in figure 10 for three equivalent speeds and a constant stage
pressure ratio of 1.5. An increage in stator-throat asrea of 40 percent
at 90 percent of design equivalent speed results in a gain of only 20
percent in equivalent weight flow. Limitetions imposed by the rotor-
throat area and internel losses keep the flow increase to & relatively
low value.
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Comparison of Stator-Adjustment Combinations

Idle speed and the knee 1n the surge line present the greatest
problems in surge-line operation through the low- and intermediate-
speed range. Idle gpeed is critical in that the torque availsble for
acceleration end, hence, the acceleration rates are smallest here, even
in the idealized case; while, at the knee in the compressor surge line,
matching characteristics of the unmodified englne are such that the
turbine-inlet temperature is limited to values too low to provide guffi-
cient torque for driving the compressor.

3230

In order to evaluate stator adjustment in the range of adjustment
considered, compressor operatlon at these polnts was specified, and
turbine torque was calculated for the followlng five combinations of
stator adjustment:

Combination | First-stage | Second-stage | Third-stage

adJustment, | adjustment, ad Justment, “

deg . deg deg
1 (design) o} 0 0 »

2 6 6 6

3 12 12 12

4 6 . 0 0

5 12 o o)

Calculations were made for an exhaust-nozzle aree of 600 square inches.
Figure 11 shows turbine-inlet equivalent weight flow, turbine pressure

ratlo, turbine efficiency, and turbine equivalent speed plqtted agesinst
stator adjustment for the two methods of adjustment at 80-percent com~

pressor design speed. The dashed portions are extrapolated.

In order to estimate the trends of the torque curves at stator ad-
Justments larger than those calculated, extrapolated valuesg from figure
11 were used to calculate turbine torque valuee in the adjustment range
beyond 12°, Figure 12 shows the variation of turbine torgue with steator
adjustment. The deshed portions represent values calculated from the
extrapolated values of flgure 1l. For three-stage adjustment, the max-
imum value of equivalent turbine torgue, sbout 3530 foot-pounds, occurs
at a stator adjustment of approximately 10°. The first-stage adjustment
at which torque 1s maximized is approximately 14°, and the pesk value is
about 3400 foot-pounds. At 80 percent of compressor design speed, the
torque required to drive the compressor is 3117 foot-poundg. Therefore,
although the turbine torgue resulting from three-stage adjustment is
only 4 percent greater than that obtained with first-stage adjustment, -
the net difference &availeble for acceleration is about 46 percent greater.
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The varlations of turbine-inlet equivalent welght flow, turbine
pressure ratio, turbine efficiency, and turbine equivalent speed wilth
gtator adjustment at 50-percent or idle speed are shown in figure 13.
The dashed portions are extrapolated. Figure 14 presents the correspond-
ing variation in turbine torque, the dashed portions representing values
calculated from extrapolated values of figure 13. At idle speed, three-
stage adjustment provides the maximum torque, about 2300 foot-pounds,
at a setting of 12°. First-stage stator adjustment 1s slightly less
effective, reaching a peak torque value of 2200 foot-pounds at a stator
adjustment of sbout 14°. The torque obtained with three-stage adjust-
ment is slightly larger (5 percent) than that obtained with first-stage
adjustment. Required compressor torque at ldle speed is 1930 foot-
pounds, however, which means that three-stage adjustment provided 37
percent more torque for accelerstion.

Acceleration Time

Accelerstion times were calculeted for combinations 3 and 5. Com-
bination 5 (first stator opened 12°) was selected because of the greater
desirsebility of single-stege adjustment, end combination 3 (all stators
opened 12°) because it provided meximum or very nearly maximum torque
at the two speeds considered. The graphical integratlion for accelera-
tion time (9.6 sec) with combinetion 5 is shown in figwe 15(a), and
that with combinstion 3 (7.0 sec) is shown in figure 15(b). Although
these times are unreslistic, inasmuch as surge-line operation is un-
realistic, they provide a basis for comparlison smong the various methods
considered for improving acceleration characteristics. These accelera-
tion times of 9.6 and 7.0 seconds are considerably greater than the
3.0 seconds obtained with the idealized calculation, because large galns
in turbine-inlet equivalent flow were not obtained at hligh efficiencies.
Consequently, for the methods of stator adjustment selected, turbine-
inlet tempersbture was limited to relatively low values through most of

the speed range. The calculated values of Té are plotted ageinst per-

cent of compressor design speed in figure 16.

The acceleration times calculated for surge-line operation with
adjustable turbine stators are compared in figure 17 with acceleration
times calculated for surge-line operation with outlet bleed and inter-
stage bleed, which were reported in references 4 and 5. This figure
shows that acceleration times as low as 3.0 seconds were cbtained with
the relatively simple constant-area interstage bleed at the outlet of
the 1zth compreasor stage. Reference 5 slso presents acceleration times
calculated for operation at pressure ratios below surge wlth the same
interstage bleed. Operation along a line at 96 percent of surge pres-
gure ratio resulted in an acceleratlon tims of about 4.3 seconds. Ac-
celeration times for operation at pressure ratios below surge would be
greater than 9.6 seconds with first-stage stator adjustment, and greater
than 7.0 seconds wlth three-gtage adJustment.
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SUMMARY OF RESULTS

From an anslytical investigation made to determine the effect of
turbine stator adjustment on the acceleration characteristics of a
typical high-pressure-ratlo single-spool turbojet engine, the following
results were obtained:

1. Egtimated tuwrbine performsnce showed that acceleration of the
engine through the low- and intermediate-speed range can be achieved
with adjustable turbine stators.

2. Among the .cases considered at the knee 1n the compressor surge
line at sbout 80 percent of design speed, meximum torque cbtainaeble
with three-stage turbine stator adjustment was spproximately 4 percent
greater than the maximum obtainsble with first-stage stator adJustment
only. The increment of torgue in excess of compressor torque and
therefore availsble for acceleration was approximstely 46 percent great-
er. At idle speed, three-stege stator adjustment provlided a maximum
torque 5 percent grester than the maximum obtalnsble with first-stage
adJustment only. The torque available for acceleration was about 37
percent greater.

3. Acceleration times of 9.6 and 7.0 seconds were calculated for
first-stage and three-stage stator settings of 12° from the design set-
ting through the Jow- and intermedlste-speed range and surge-line com-
pressor operation. A time of 3.0 seconds was obtained for constant-
area compressor-interstage bleed.

4, For all cases considered, increases in equivalent weight flow
were smaller than the corresponding increases in stator-throat area,
particulerly in the high-speed range and for the larger stator
ad Justments. ' o C ’ 7

CONCILUSION

Stetor adjustment in the three-stage turbine of the high-pressure-
ratio single-spool turbojet engine under consideration was investigated
as a means of dmproving acceleration charscteristiecs. Results of this
investigation showed that turbine stator adjustment 1s less effective
in terms of time required to accelerate to design speed than the rela-
tively simple schemes of compressor-outlet and -interstage air bleed.
Therefore, adjustable turbine stators alone are not a satisfactory so-
lution to the problem.

lewis Flight Propulsion Laboratary
National Advisory Committee for Aeronsutics
Cleveland, Ohio, June 7, 1954
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APPENDIX A

SYMBOLS
The following symbols are used in this report:

flow ares, sq Tt
critical velocity, A\/2reRT/r + 1, £t/sec

constant ratio of outlet tangential welocity to throat velocity,
1. (O + e)
S

specific heat at comstant pressure, Btu/(1b)(°R)

specific heat at constant volume, Btu/(1b)(°R)

blade trailing-edge thickness, in.
acceleration due to gravity, 32.17 ft/sec2
polar moment of inertia, (ft-I1b)(sec?)
mechanical equivalent of energy, ft—Ib/Btu
local loss coefficlent

rotational speed, rpm

throat opening, in.

pressure, 1b/sq ft

gas constant, f£t-1b/{1b)(°R)

blade pitch, in.

temperature, °r

wheel speed, ft/sec

velocity, ft/sec

velocity relative to rotor, f£t/sec
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w  weight flow, 1b/sec
B blade inlet mean camber angle, deg
r torque, £t-1b

AT torque available for acceleration, T - (Fc + Fa), £t-1b

'8 ratio of specific heats, cp/cv E
&

el stagnation pressure rstio, p'/po

1 adlabatic efficlency

6 stagnation temperature ratio, T'/TO

o gas density, 1lb/cu £t )

T time, sec £

v deviatibn angle, deg from blade inlet mean camber angle

w angular velocity, radians/sec

Subscripts:

a accessoriles

c cowpressor

a degign

T fuel

i idte

A leakage

r rotor

ro rotor outlet

rt rotor throat .

g stator
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sl stator inlet

so stator outlet, rotor inlet
st stator throat

t turbine

u tangential component

X axlial component

0 NACA standard sea-level conditions
1 compressor inlet

2 compressor outlet

3 turbine inlet

4 second turbine stage iniet
5 third turbine stage inlet
6 exhaust nozzle
Superscripts:

' stagnation condition

" stagnation condition relative to rotor

13
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APPENDIX B

STAGE-PERFORMANCE ESITMATTON PROCEDURE

The procedure employed to estimate turbine stage performance was
2 gimplified one-dimensionel analysis in which it was assumed that the
internal losses were as follows:

1. Viscous losses assoclated wlth blade profile and wall drag, which
could be expressed as a function of the local critical-velocity
ratio and an empirical loss coefflcient that was constant for
all operstion

2. Rotor incidence logses, which consisted of the total of the
kinetic energy assoclated with the inlet velocity component
norual to the blade inlet camber angle

3. Stage-outlet whlrl losses, which in the first and second stages
consisted of the total of the kinetic energy assoclated with
the component of the stage-outlet veloclity normal to the inlet
camber engle of the stator blades of the second and third
stages, respectively, and which in the third stage consisted
of the kinetlc energy of the tangential component of stage-
outlet velocity.

Stage calculstions were made for NACA standard conditions at the
inlet. The procedure 1s briefly described in the following steps, which
were typical of all subsonic operation. Operation with one or both
blade rows choked, which was treated in a slightly different manner,
is also described.

No Choking

Step 1. - Stator-throast criticael-velocity ratio 1s specified, and
welght flow is calculated as followsg

1

=
YT AstRaL g ('f*ggTéi (%r) st [l " Fet (a_‘ic:):tjl [l i (%n) :t:l ()

where Kst is the stator-throat local loss coefflicient. The nozzle~

outlet tangentlal critlcal-veloclty ratlio is

3230
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G%r-)so ) <axé;)st * Ce (2)

vhere Cg 1is a constant determined from stator geometry.

Step 2. - Stator-outlet eritical-velocity ratio 1s obtained by
iteration, and by assuming first a value of stator-outlet critical-
velocity ratio and then checking this with the flow charts of reference

7, the known (V_/al ) ., end the approximate value of

< = ) I 7 (3)
1 H
p'aip/s0 As v 2

P'l
o~ 8l 1 K
80 aér S0 (*r+l§RTéi

based on the assumed (V/a,(‘:r) so+ When the assumed value of (V/ac':r) o

and the value read from the chart agree, stator-outlet conditions are
known.

Step 3. - With a specified wheel speed (Ufal.)go, relative total
temperature is calculated:

R RO I
T T Ty al al “\al
80 cr/s0 cr /80 exr/ so

Step 4. - Static pressure and temperature at the stator outlet are
calculated by the following equations:

(&), -»-E(E). )

T
80O T'l'J.- acr 80

-
-1

2 2
- v r=1/VvV
Pso = Pay l:l - Koo (ac':r)so][l T YL (ac':r)so] (6

Step 5. - Rotor-inlet deviation angle is celculated by

al
1 cxY cXY (7)

3
a’cr s0
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and critical-veloclty ratio by
2 2
L (YZL) + ( Y.‘.L) - _P_) (8)
&er/s0 8cr/so 8cr /s0 8ar /so

Step 6. - Rotor-inlet relatlve total pressure Pgo is calculated
with the following equation:

X
-1
®, -3, 20, @@l e

Step 7. - Rotor-throat critical-veloclty ratio is obtained with the
followling equation:

£
T-1
= L = v = wva1 | T
SOQ/(r%lERT" 8 r/ 1t Gy e T+l Ny -
(10)
Btep 8. - Rotor-outlet tangential critical-veloclty ratio is
calculated by
W
W
—r—alf) = (—n—a ) x G (11)
cr/ro cx/rt
and. outlet flow parameter by
dwx W 1 12)
GO Bl e, z (12
cr/ro 0%'80 1-K, W 2Yg
- o
(o] 8.1 /o (T+15RT”
in the same manner &s in step 2.
Step 9. - Rotor-outlet total temperature is obtained from
T') r-1 a("'u ) U ) U )2
<'—" =1 - 1 [0 - [ (13)
i ro T+L &er/xo (acr ro 8er/ro
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Step 10. - Static tempersture and pressure at rotor outlet are

calculated:
2
T _ T=-1/ W
( u) =1 - T+1(a‘ﬂ_) (14)
To cT fro
and
X
W E 1 /W 2 -
— {1 - LA - _Y;
Pro = Pgoit = Ko (agr)r T+ (?g;)ro (15)

Step 11. - Deviation angle at rotor outlet is calculated:

1 U
T En
-3l Zexr cr
ro = Pg - ten™| ——g—— (16)

all

cr ro

0

where B ; 1is the inlet angle of the subsequent stator in first- and
second-stage celculations, and is zero in the third-stage calculetlons.

Step 12. - With rotor-outlet conditions known,

2 2
W. W.
v U
an = a.f ) + ( 'aE. ) - (8." ) (17 )
er ro cr ro cr ro cr ro

stage-outlet total pressure 1s calculated:

5 [, R E), et ] o

Step 13. - Stage torque 1s calculated:

_ GOJWCP(Téi'T%o)
- 27N
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Stage pressure ratio, speed, weight flow, torque and stage tem-
perature ratio are now known. Since NACA standard sea-level conditions
were assumed at the inlet, the values obtained are equivalent values.

Stator Choking
When the stator 1s choked gnd stator-outlet veloclties are super-
sonic, values of (V/aér)so of 1.0 and greater are specifled and the
weight flow w 1is the value corresponding to (V/e.c':r)st = 1.0, Stator-
outlet axiel critical-velocity ratio 1s obtained from

), - ———=

a't
cTr

so . -1
p', A |1 -x _X_)z . r=1 (JL_)Z
1 1
81l "so 80 \&8.n o T+l gy o

and

2
T
er s0 Zer 80

v
u

&), -
Crigo

With these quantities known, rotor-inlet conditions can be calcu-
lated as in step 3 and calculation can proceed as before.

Rotor Choking

With (W/e = 1.0, the value of

1
W r-l(w)z Y'll AL 2
— - == | = - —
8oy rt T+l \&cr r t Ber /p

is determined. This corresponds to the correct value of

W (y+1L)RT"
ArtPgo 2rg

ogee
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which is uniquely specified for each value of (V/a.c‘:r)so if the stator
is choked, or (V/ a.ér) if the stator is not choked. A simple plot of

st
(‘avT) gives the
er/st

,, NKEEL) as & function of (;Y—)
s0
va.lue of (V/a') that corresponds to (W/a" ) = 1.0, and with this
er’ g0 er’ ¢

cr

velue calculations may be repeated from step 1 if the stator 1= not
choked, or by the supersonic stator-outlet calculstlon if the stator
is choked.

With w corresponding to (W/al = 1.0, =a solution for (W,/a}.

cr‘rt ro
is obtained with assumed values of (W/a ro of 1.0 and gresater:
. w +1 )RT"
() - 2re — (2
&er. =
80 T-1
W \2 r=1 (¥ \?
" =
Pso |t = Kro (a" ) 1- r+1 (a." )
er/ro er/ ro

Then,

Wu) BN A (WX )2
<E§; 0o - /\[(Eg;)ro Eg; ro (25)

With rotor-outlet ecritical-velocity ratios known, stage-outlet condi-
tions and torque may be caltulated as in steps 9 to 1l2.
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Figure 11. - Continued. Variation of turbine parameters with stetor adjustment for compressor operation at
knee in surge line.
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Flgure 15. = Graphiocal integratiom for acceleration at surge
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